ABSTRACT Acute tryptophan depletion (ATD) is a valuable non-invasive nutritional tool in human and rodent research to study dysfunctions of the serotonergic system and related behavioral disorders. Serotonergic dysfunction is thought to be involved in the pathology of feather pecking behavior of laying hens, one of the most relevant welfare and production issues in modern intensive egg-production systems. ATD temporarily compromises the influx of tryptophan (TRP) across the blood brain barrier which reduces central availability of TRP, the substrate for serotonin (5-HT) synthesis. However, ATD has never before been developed and evaluated in birds. We hereby report that ATD in laying hens effectively depletes plasma levels of TRP to 50% of the baseline concentration, 4 hours after administration. Furthermore, ATD reduces the ratios of TRP towards aromatic amino acids (AAA) by 60% and the ratio of TRP towards large neutral amino acids (LNAA) by 70%, three hours after administration. Further studies will be needed to determine the effects of peripheral depletion on brain TRP and 5-HT levels in birds. However, our study showed for the first time in an avian species that ATD causes lowering of plasma TRP and the ratio in plasma of TRP towards other AAA or LNAA.
INTRODUCTION
Feather pecking (FP) is one of the most serious welfare and production issues in modern intensive eggproducing systems (Lambton et al., 2010) , as FP behavior and resulting cannibalism can lead to high rates of mortality (Kjaer, 1996) . Studies investigating underlying mechanisms of FP behavior point towards a serotonergic involvement in the development of FP (van Hierden et al., 2002; . In humans and rodents, one way of investigating serotonergic involvement in a behavioral disorder is to acutely deplete individuals of the serotonin (5-HT) precursor tryptophan (TRP), via oral administration of an acute tryptophan depletion (ATD) amino acid mixture lacking TRP (Dingerkus et al., 2012) . TRP competes with other large neutral amino acids (LNAA) and particularly with aro-C 2017 Poultry Science Association Inc. Received December 11, 2016. Accepted May 13, 2017. 1 Corresponding author: aharland@uoguelph.ca matic amino acids (AAA) for active, concentrationdependent transport across the blood brain barrier, via the large amino acid transporter-1 (Christensen, 1990) . As ATD reduces plasma levels of TRP, yet increases levels of LNAAs, the TRP availability for central 5-HT synthesis is temporarily reduced (Young, 2013) .
The dietary method of ATD depletes brain 5-HT in mammals to around 40 to 60% of baseline levels (Lieben et al., 2004; Olivier et al., 2008) . Pharmacological inhibition of the TRP hydroxylase (Sjoerdsma et al., 1970) , via parachlorphenylalanine can decrease brain 5-HT to below 5% (e.g., Meek and Neff, 1972) . However, this might be less representative of a physiological state. Also, pharmacological 5-HT depletion by parachlorphenylalanine has been reported to involve side effects such as insomnia (Mouret et al., 1968) , toxicity (Young, 2013) , and loss of appetite after treatment (Panksepp and Nance, 1974) in rats and humans. Similar side effects can be assumed in birds and might bias avian behavior involving an appetitive motivational component, such as FP. Hence, ATD might be a more valuable tool in investigating the role of 5-HT-ergic dysfunction, in 3021 the development of FP and other behavioral disorders in avian species.
Yet, in order to utilize ATD in avian research, the following three key questions need to be answered: Firstly, does ATD cause a substantial lowering of plasma TRP and the ratio in plasma of TRP towards other LNAA (TRP/ΣLNAA)? Secondly, if ATD is lowering plasma TRP and/or ratios, is there a decline in brain TRP and 5-HT? Thirdly, what implications does such brain decline have on avian FP behavior?
To address the first question, we composed an amino acid mixture lacking TRP which was orally administered to laying hens. We then measured the plasma concentration of TRP and other LNAAs, allowing us to test whether such a mixture can decrease TRP levels and the ratios of TRP towards LNAAs (TRP/ΣLNAA) and AAA (TRP/ΣAAA) effectively in laying hens.
MATERIALS AND METHODS

Animals and Housing
For this experiment, we used 10 non-beak trimmed female laying hens (White Leghorn) of a genetic line selected for high levels of feather pecking behavior (Kjaer et al., 2001) . Birds were housed in 10 groups of 16 individuals per group under conventional management conditions at the Arkell research facility of the University of Guelph, Canada. Daily care and handling of birds was in correspondence with the procedures postulated in the Animal User Protocol No. 3206, which was approved by the animal care committee of the University of Guelph. Water and feed was provided ad libitum. We used an Arkell Research Station layer mash diet with the following nutritional specifications; crude protein (min): 18%, crude fat (min): 5.5%, crude fiber (max): 2%, calcium (actual): 4.24%, phosphorus (actual): 0.68%, sodium (actual): 0.18%, vitamin A (min) 16,500 IU/kg, vitamin D (min) 4,130 IU/kg, vitamin E (min): 60 IU/kg. Each pen was equipped with 12 cm of feeder space per hen, 8 nipple drinkers, wood shavings as litter substrate, 18 cm of elevated perch-space per hen, and 3 nest boxes. Visual contact between groups was prevented by placing opaque polyvinyl chloride (PVC) boards between the pens. Commercial lamps were used for the lighting schedule recommended by the Lohmann Selected Leghorn (LSL)-Lohmann management guide for birds at 22 weeks or older; of 16 h light: 8 h dark periods at 15 lux light intensity. Average daily room temperature was 20
• C. At the time of the experiment the birds were 40 weeks of age and bodyweights of birds ranged from 1,912 g to 2,123 g, with a mean weight of 1,991.4 g ± 92.01 (M ± SD) for the five birds receiving the control treatment, and 1,987.6 g ± 73.91 for the five birds receiving the ATD treatment.
Acute Tryptophan Depletion Mixture and Sample Collection
The amino acid mixture used for ATD in laying hens with an average of 2 kg body weight was composed of the following 12 amino acids: Arginine (0.145 g), Cysteine (0.081 g), Glycine (0.208 g), Histidine (0.035 g), Isoleucine (0.135 g), Leucine (0.17 g), Lysine (0.145 g), Methionine (0.062 g), Phenylalanine (0.098 g), Threonine (0.098 g), Tyrosine (0.08 g), Tryptophan (0.033 g for the balanced control treatment), and Valine (0.145 g). The total amount of 1.435 g was homogenized and aliquoted into two 1 g gelatine capsules. Aliquots were rounded to two decimal places. The amounts are based on minimum daily requirements for White Leghorn-type laying hens, as stated in the Nutritional Requirements for Poultry 1994, by the National Research Council, divided by four to account for the duration of the experiment (6 hours).
At 5:45 am, 15 minutes before the beginning of dawn in the light program and therefore prior to feed intake, 10 birds (feather pecking phenotype and genotype) were taken out of their home pens and two gelatin capsules were orally administered to each bird, containing either the ATD (n = 5) or the control (C) treatment (n = 5). Palpation of the crop was performed to ensure swallowing of the capsules and to confirm the crops were empty prior to administration of the capsules. The hens were then transferred into individual pens where they were provided with access to water. Blood samples were collected at the following time points after administering the ATD/C treatment: 0 hours, 2 hours, 3 hours, 4 hours, 5 hours, and 6 hours post-treatment. 1.0 mL of blood per bird per sample was collected from the wing or metatarsal vein using 21 gauge-needle winged infusion kits, into 2 mL EDTA (3.6 mg) coated tubes. Tubes were immediately placed on ice until samples were centrifuged at 2,000 × g for 15 minutes at 4
• C to obtain plasma, which was then transferred into 1.5 mL micro centrifuge tubes and stored at −80
• C until amino acid analysis.
Amino Acid Analysis
The physiological free amino acid analysis was performed on a Waters Acquity Ultra Performance Liquid Chromatography (UPLC) system (Waters, Manchester, UK). Aliquots of the plasma samples were transferred into a 6 by 55 mm glass culture tube and dried under vacuum using a centrifugal evaporator. After drying, the samples were treated with a redrying solution consisting of methanol: water: triethylamine (2:2:1), vortex mixed and dried under vacuum for 15 minutes. Then the samples were derivatized for 20 minutes at room temperature with a derivatizing solution made up of methanol: water: triethylamine: phenylisothiocyanate (7:1:1:1). After 20 minutes, the derivatizing solution was removed under vacuum for 15 minutes.
Then the derivatized sample was again washed with the redrying solution, vortex mixed and dried under vacuum for 15 minutes. The derivatized sample was dissolved in a given amount of sample diluent (pH 7.40) and an aliquot injected into the column, running on a modified PICO-TAG TM gradient. Column temperature was at 48
• C. The derivatized amino acids were detected at 254 nm. The Waters Acquity UPLC system employed consists of a binary solvent manager, a sample manager, a tunable, dual wavelength ultraviolet/visible (TUV) detector, and a Waters Acquity UPLC Ethylene Bridged Hybrid (BEH) C18 column (2.1 × 100 mm). Data were collected, stored, and processed using Waters Empower 3 Chromatography software. Drying was done using a Tomy CC-181 centrifugal concentrator (Tomytech Inc., Tokyo, Japan) with a Sargent-Welch Model 8821 vacuum pump (Skokie, Illinois, USA). The analysis was performed at the SickKids Proteomics, Analytics, Robotics & Chemical Biology Centre Biocentre at the SickKids Hospital, Toronto.
Statistical Analysis
We used the Proc Mixed procedure in SAS version 9.4 (SAS Institute Inc., Cary, NC 2016) to compare ATD to the control treatment. In this model tryptophan concentration was the response variable. Treatment was treated as a fixed effect and the interaction of time (linear, quadratic, and cubic) with treatment was also fitted. Compound symmetry structure was used (TYPE = CS) with individual as the repeated measure subject. The interaction of treatment by time (linear, quadratic, and cubic) was tested for significance. Degrees of freedom were calculated using a between and within method approach (DDFM = BW).
RESULTS AND DISCUSSION
Oral administration of the ATD mixture decreased plasma TRP levels by 50%, TRP/ΣAAA ratios by 60%, and TRP/ΣLNAA ratios by 73% (Tables 1 and  2) . A Proc Mixed procedure in SAS revealed that the fitted curves for control and ATD treatment differ significantly from one another (test of fixed effects revealed significant linear F 1,2 = 15.5, P < 0.0003, quadratic F 1,2 = 8.21, P < 0.0009 and cubic effects F 1,2 = 6.95, P < 0.0024). Tryptophan levels reached a minimum at 4 hours after administration of the ATD mixture (Table 1, Figure 1 ), whereas TRP/ΣAAA and TRP/ΣLNAA ratios were lowest at 3 hours post treatment. This discrepancy can be explained by the peak of AAA (tyrosine and phenylalanine) and LNAA (Tyrosine, Phenylalanine, Valine, Leucine, and Isoleucine; data presented in supplementary material) occurring at 3 hours post administration of the control and ATD amino acid mixtures. This rise in LNAA and AAA levels after the ATD and control treatment resulted in decreased TRP/ΣLNAA ratios despite of an increase in TRP concentrations in the control treatment (Figure 1) . The reduction in plasma TRP levels achieved in this study (−50%) is lower than what studies in humans (Young et al., 1985) or in rats had previously reported (−75%) (Gessa et al., 1974) . There are a number of possible reasons why the amino acid mixture used in laying hens did not deplete plasma levels of TRP to the extent measured in rodent and human studies. Chickens, unlike rodents or primates, possess a crop where an entire or partial meal can be stored. Although the initial ingestion of the capsules was controlled by palpating the crop of the chickens after ingesting the capsule, it can be assumed that a part of the amino acid mixture was regurgitated into the crop, delaying the passage time of the mixture from the gizzard into the duodenum, while also reducing the initial amount of mixture that reaches the duodenum. Such a process could also explain how the maximum depletion of TRP occurred at different time points for some individuals (Table 1) . However, as there are no digestive processes taking place in the crop (Leeson and Summers, 2008; Svihus, 2014 ) the achieved decrease of TRP levels may also relate to properties of the amino acid mixture itself. ATD mixtures for humans are based on the amino acid composition of a 500 g steak (Young et al., 1985) or on the amino acid composition of breast milk (Young et al., 1987) . Our recipe was based on the daily amino acid requirements for laying hens (National Research Council, 1994) , calculated for the length of the experiment (6 hours). As there is little information on daily requirements for nonessential amino acids in laying hens (e.g., cysteine), we derived the concentration of these amino acids for the ATD recipe by calculating the relative amounts of these amino acids towards TRP, from an ATD recipe for humans (Daly et al., 2014) . For cysteine, Daly et al. (2014) used 2.7 g of cysteine towards 2.3 g of TRP. As our recipe contained 0.033 g TRP (derived from daily nutritional requirements, calculated for 6 hours), we used 0.462 g of cysteine. This results in a 1.4: 1 ratio of cysteine towards TRP in both recipes for humans and chickens. However, our histidine: TRP, tyrosine: TRP and leucine: TRP ratios are based on minimum nutritional requirements for laying hens (National Research Council, 1994) . Therefore, we used 0.035 g of histidine towards 0.033 g of TRP, 0.08 g of tyrosine and 0.17 g of leucine, resulting in a histidine: TRP ratio of 1: 1, compared to 1.4: 1 in Daly et al.'s (2014) recipe, a tyrosine: TRP ratio of 2.5: 1, compared to a 3: 1 ratio, and a leucine: TRP ratio of approximately 5: 1 compared to 6: 1 ratio in the human study. These smaller relative amounts of amino acids towards TRP could be responsible for why the observed depletion of TRP did not exceed a 50% reduction of plasma TRP levels 3 hours after ATD intake. Reduced availability of essential amino acids such as histidine or leucine might limit protein synthesis and therefore prevent further depletion of plasma TRP (Harper et al., 1970 ). While our study was able to demonstrate that ATD might be a useful non-pharmacological tool Table 1 . Plasma tryptophan (TRP) concentration [nmol/ml], TRP/Σ large neutral amino acids (LNAA) and TRP/Σ aromatic amino acids (AAA) ratios over time in 10 individuals (Ind.) receiving either a balanced control (n = 5) or an acute tryptophan depletion (ATD) treatment (n = 5). to lower plasma TRP levels in the periphery, further studies will be needed to determine the effects of a peripheral depletion on central TRP and 5-HT levels in birds. Also, further fine tuning will be required to determine the ideal ATD recipe for birds. However, this present study demonstrates that ATD in laying hens effectively reduces plasma TRP levels. ATD may therefore be considered as a promising non-invasive, nutritional tool to investigate serotonergic involvement in a spectrum of abnormal behaviors for which a serotonergic involvement is assumed, such as FP in laying hens (van Hierden et al., 2002) or compulsive feather picking in parrots (Grindlinger and Ramsay, 1991) .
